The default growth pattern of primary roots of land plants is directed by gravity. However, roots 22 possess the ability to sense and respond directionally to other chemical and physical stimuli, 23 separately and in combination. Therefore, these root tropic responses must be antagonistic to 24 gravitropism. The role of reactive oxygen species (ROS) in gravitropism of maize and 25
4 which act as ROS scavengers, showed reduced gravitropic root bending (Joo et al., 2001) . The 74 link between auxin and ROS production was later shown to involve the activation of NADPH 75 oxidase, a major membrane-bound ROS generator, via a phosphatidylinositol 3-kinase-76 dependent pathway (Brightman et al., 1988; Joo et al., 2005; Peer et al., 2013) . Peer et al. (2013) 77 suggested that in gravitropism, ROS buffer auxin signaling by oxidizing the active auxin, IAA, 78 to the non-active and non-transported form, oxIAA. 79
Gravitropic-oriented growth is the default growth program of the plant, with shoots 80 growing upwards and roots downwards. However, upon exposure to specific external stimuli, the 81 plant overcomes its gravitropic growth program and bends towards or away from the source of 82 the stimulus. For example, as roots respond to physical obstacles or water deficiency. The ability 83 of roots to direct their growth towards environments of higher water potential was described by 84
Darwin and even earlier, and was later defined as hydrotropism (Von Sachs, 1887; Jaffe et al., 85 1985; Eapen et al., 2005) . 86
In Arabidopsis, wild-type (WT) seedlings respond to moisture gradients 87 (hydrostimulation) by bending their primary roots towards higher water potential. Upon 88 hydrostimulation, amyloplasts, the starch-containing plastids in root-cap columella cells, which 89 function as part of the gravity sensing system, are degraded within hours and recover upon water 90 replenishment (Takahashi et al., 2003; Ponce et al., 2008; Nakayama et al., 2012) . Moreover, 91 mutants with a reduced response to gravity (pgm1) and to auxin (axr1 and axr2) exhibit higher 92 responsiveness to hydrostimulation, manifested as accelerated bending compared to WT roots 93 (Takahashi et al., 2002; Takahashi et al., 2003) . Recently we have shown that hydrotropic root 94 bending does not require auxin redistribution and is accelerated in the presence of auxin polar 95 transport inhibitors and auxin-signaling antagonists . These results reflect 96 the competition, or interference, between root gravitropism and hydrotropism (Takahashi et al., 97 2009 ). However, which cellular signals participate in the integration of the different 98 environmental stimuli that direct root tropic curvature is still poorly understood. Here we sought 99 to assess the potential role of ROS in regulating hydrotropism and gravitropism in Arabidopsis 100 roots. 101 7 measurements), and reduced root growth rate by 29.4% (Fig.2 A, B) . The same trend was 166 apparent when 1 mM of the antioxidant N-Acetyl-Cysteine was applied (not shown). 167
To further study the effect of ascorbate metabolism on hydrotropism we tested mutants 168 deficient in the most abundant cytosolic ascorbate peroxidase, Ascorbate Peroxidase 1 (APX1) 169 (Davletova et al., 2005) . apx1-2 seedlings exhibited attenuated hydrotropic bending compared to 170
WT. Root curvature in the CaCl 2 / dry chamber of WT was 72.0 ± 2.8 degrees whereas that of 171 apx1-2 was 55.8 ± 3.5 degrees (mean ± SE) 5 h post hydrostimulation (P=9.6 * 10 , Student's t 172 test for independent measurements), with no differences in their growth rates (Fig.2 C, D) . These 173 results were reproduced using the split-agar / sorbitol system in which the ascorbate was 174 supplemented to the sorbitol agar slice, allowing diffusion of the chemicals towards the root tip 175 so that the exposure to ascorbate occurs while a water potential gradient is formed (Takahashi et 176 al., 2002; Antoni et al., 2016 ) (Supplemental Fig.S4 A, B) . These data strongly suggest that the 177 reduced ability to scavenge cytosolic H 2 O 2 inhibited root hydrotropic bending. Unlike ascorbate-178 treated seedlings, gravitropic bending was not impaired or promoted in the apx1-2 mutant 179 (supplemental Fig.S7 ). 180
ROS generation by NADPH oxidase has opposite effects on different root tropic responses 181
To further study the roles of ROS in root tropisms, we tested the effects of diphenylene iodonium 182 (DPI), an inhibitor of NADPH oxidase and other flavin-containing enzymes (Foreman et al., 183 2003), on hydrotropic-and gravitropic-bending kinetics and the corresponding ROS distribution 184 patterns in primary roots. NADPH oxidase is a plasma membrane-bound enzyme that produces 185 superoxide (O 2 •- ) to the apoplast (Sagi and Fluhr, 2006) . Superoxide is rapidly converted to 186 H 2 O 2 , which may enter the cell passively or through aquaporins (Miller et al., 2010; Mittler et 187 al., 2011) . Application of DPI accelerated hydrotropic root bending but attenuated gravitropic 188 root bending (Fig.3) . In response to hydrostimulation, root bending was accelerated in the 189 presence of DPI, showing 86.3 ± 2.1 degrees curvature (mean ± SE) in the CaCl 2 / dry chamber 190 after only 4 h, even though root growth rate was inhibited by 65.3% (Fig.3) . This result was 191 reproduced using the split-agar / sorbitol system (Supplemental Fig.S4 A) . 192
Fluorescent ROS staining of DPI-treated roots revealed elimination of ROS from the 193 epidermal layer of the EZ and further along the root, where ROS at the outer layers (epidermis 194 and cortex) seemed to drop down and the remaining ROS appeared in the vasculature and its 195 surrounding layers (Fig.4 A, B) . ROS elimination at the outer root cell layers was previously 196 8 described for hydroxyphenyl fluorescein (HPF)-staining upon DPI treatment (Dunand et al., 197 2007) . Along with decreased fluorescence at the EZ, we detected an increase of DHR 198 fluorescence intensity at the meristematic zone of DPI-treated roots (Fig.4) Gravistimulated seedlings that were pre-treated for 2 h with DPI showed less ROS 204 accumulation and consequently no ROS asymmetric distribution in the epidermal layer of the 205 EZ, resulting in a delayed gravitropic response (Fig.4 C) . Similarly, seedlings that were 206 hydrostimulated in the presence of DPI showed elimination of ROS from the epidermal layer at 207 the bending region, which became more proximal to the root tip (Fig.4 D) . Interestingly, the 208 gravity-directed curvature of the root tip, which occurs during hydrotropic root bending, 209 appeared to be attenuated in ascorbate-and DPI-treated seedlings ( Fig.2 A, Fig.4 D) . This 210 finding demonstrates again the negative effect of ROS elimination on root gravitropism, also in 211 combination with a hydrotropic response. 212
Hydrotropism is affected by root NADPH oxidase 213
To further assess the inhibitory effect of ROS generation by NADPH oxidase on root 214 hydrotropism we tested transposon-insertion mutants of the plant NADPH oxidase -RBOH 215 (Respiratory Burst Oxidase Homolog) gene family, which consists of 10 members in 216
Arabidopsis. These can be divided into three classes based on their tissue-specificity: RBOH D 217 and F are highly expressed throughout the plant, RBOH A-G and I are expressed mostly in roots, 218
and RBOH H and J express specifically in pollen (Sagi and Fluhr, 2006) . RBOH C has been 219 intensively studied, and its activity in ROS production in trichoblasts is essential for root hair 220 elongation and mechanosensing (Foreman et al., 2003; Monshausen et al., 2009) . It is expressed 221 in trichoblasts and in the epidermal layer of the EZ (Foreman et al., 2003) , though its role in the 222 EZ is still unclear (Monshausen et al., 2009) . When hydrostimulated in the CaCl 2 / dry chamber 223 or in the split-agar / sorbitol systems, rbohC seedlings exhibited accelerated hydrotropic bending. 224
Measured in the CaCl 2 / dry chamber, root curvature in WT was 46.4 ± 3.1 degrees compared to 225 64.2 ± 3.5 degrees in rbohC (mean ± SE) 2 h post hydrostimulation (P=5.1 * 10 , student's t 226 test for independent measurements) with no difference in growth rate compared to WT (Fig.5 A, 227 9 B; Supplemental Fig.S4 C; Supplemental movie 1). We then examined the hydrotropic response 228 of seedlings deficient in RBOH D, which has the highest expression levels among the RBOHs. 229 RBOH D is expressed in all plant tissues but mainly in stems and leaves and is known as a key 230 factor in ROS systemic signaling (Sagi and Fluhr, 2006; Miller et al., 2009; Suzuki et al., 2011) . 231
Interestingly, rbohD seedlings did not exhibit significantly-different hydrotropic bending kinetics 232 or root growth rates compared to WT (Fig. 5 A, B 2). DHR staining revealed no significant difference in ROS spatial patterns in gravistimulated 234 nor hydrostimulated (using the CaCl 2 / dry chamber or split-agar / sorbitol system) roots of the 235 RBOH mutants, compared to WT (Supplemental Fig.S5-S8) . Therefore, to better characterize 236 endogenous ROS levels in root tissues of wt and rbohc and rbohd mutants, we applied Amplex 237 red for determination of H 2 O 2 content in tissue extracts (Materials and Methods). When 238 examining extracts from whole seedlings, we observed a 68% and 77% reduction in H 2 O 2 levels 239 in rbohD and rbohC, respectively, compared to WT (Fig.5 D) . We then examined extracts from 240 excised root apices (1-2 mm from tip) and observed a relatively similar H 2 O 2 content in WT and 241 rbohD roots, while rbohC mutants showed a 57% reduction in H 2 O 2 content compared to WT 242 (Fig.5 C) . These results are consistent with the tissue-specific expression pattern of the two 243 RBOHs, as RBOH C is highly expressed in roots, while RBOH D is not (Sagi and Fluhr, 2006 ) 244 and with the accelerated hydrotropic phenotype of rbohC compared to rbohD and wt. Their 245 different expression patterns could also be visualized in the high-resolution spatiotemporal map 246 (Brady et al., 2007) of the eFP browser (Winter et al., 2007) . 247
The acceleration in hydrotropic root bending of rbohC is however weaker compared with 248 that of DPI-treated WT seedlings (measured in the CaCl 2 / dry chamber, root curvature in rbohC 249 In order to test a possible direct link between hydrotropism and gravitropism through ROS, we 264 challenged WT seedlings with combined stimuli using the split-agar / sorbitol method (Fig.6 A) . 265
The split-agar system allows slow and controlled exposure of the root tips to increasing osmotic 266 pressure, and by rotation of the chamber allows changes in the gravity vector ( responses was shown previously for the agravitropic pea mutant (ageotropum), whose lack of 302 gravity response contributes to its hydrotropic responsiveness (Takahashi and Suge, 1991) . 303
Amyloplast degradation at early stages of a hydrotropic response may also be a mechanism by 304 which the root eliminates its sense of gravity in order to perform non-gravitropic growth 305 (Takahashi et al., 2003; Ponce et al., 2008) . When examining the ROS and auxin patterns in 306 response to combined stimuli by first applying hydrostimulation and afterwards applying both 307 hydro-and gravistimulation, we observed a reduction in gravity-directed ROS-asymmetry and 308 auxin-gradient when the duration of hydrostimulation is increased (Fig.6, Supplemental Fig.S9 ). 309
We therefore conclude that during hydrotropic growth, the root actively attenuates gravitropic 310 auxin and ROS signaling to overcome gravitropic growth. 311
In gravitropism, auxin is required for ROS production (Joo et al., 2005; Peer et al., 2013) . 312
In contrast, neither auxin redistribution nor auxin signaling are required for hydrotropic bending 313 . Moreover, inhibition of polar auxin transport or Transport Inhibitor 314
Response (TIR)-dependent signaling accelerate hydrotropism . Consistent 315 with these observations, asymmetric distribution of ROS was not detected in the DEZ during 316 hydrotropism. In gravitropism, however, both an auxin gradient at the lateral root cap, and ROS 317 asymmetric distribution at the DEZ are formed transiently. Collectively, these results 318 demonstrate the antagonism between hydro-and gravitropism with respect to auxin-and ROS-319 signaling. 320
Asymmetric ROS distribution was however observed in the CEZ of hydrostimulated 321 roots in the CaCl 2 / dry chamber system, and its asymmetry ratio level has not changed during 322 the measured time points (Fig.1 B, D) . This asymmetric pattern, i.e., higher ROS levels at the 323 side of the root that is in contact with the agar medium, was also present in roots that were 324 exposed to non-hydrostimulating conditions and do not perform hydrotropic bending (Fig.1 C,  325 D). Therefore, this non-transient unequal distribution of ROS in the CEZ may be a result of 326 mechanosensing-induced ROS (Monshausen et al., 2009) at the region where the root detaches 327 from the agar medium. Indeed, no ROS asymmetry was observed in roots exposed to a water-328 potential gradient in the split-agar / sorbitol system ( Fig.1 E,D) , where the root does not 329 encounter mechanical tension by the agar due to bending. Therefore it is clear that hydrotropism 330 does not involve asymmetric distribution of ROS. Yet, it attenuates gravity-directed asymmetric 331
ROS distribution. 332
In addition to their roles as intracellular signaling molecules, ROS function in several 333 apoplastic processes, including cell wall rigidification that is thought to restrict cell elongation 334 (Hohl et al., 1995; Monshausen et al., 2007) . It is tempting to hypothesize that in gravitropism, 335 the higher levels of ROS in the concave side of the root promote root bending by inhibition of 336 cell elongation at this side. However, this hypothesis fails to explain the opposite effects of 337 antioxidants and ROS-generator inhibitors on gravi-and hydrotropism, as differential cell 338 elongation is needed in both cases. 339
In this study, we show that ROS, presumably cytosolic H 2 O 2 in the epidermal layer of the 340 root EZ, negatively regulate hydrotropic bending. The activity of RBOH C was characterized as 341 essential for this process, since rbohC mutants showed accelerated hydrotropic root bending and 342 lower levels of H 2 O 2 in the root apex (Fig.5) . This, however, does not exclude the possible 343 contribution of other root-expressed RBOHs or other flavin-containing enzymes to the process. 344
The localization of ROS-generating enzymes of the RBOH family has substantial effects on the 345 tissue-specific ROS levels and the consequent hydrotropic root curvature, as it appears that in 346 mutants deficient in RBOH D, which is expressed throughout the plant but mostly in leaves and 347 stems ) ROS levels in the root apex and hydrotropic curvature were similar to 348 those of WT (Fig.5, Supplemental Fig.S3 ). As for ROS scavenging enzymes, we detected a weak 349 hydrotropic root bending in apx1-2 mutants (Fig.2, Supplemental Fig.S3 ), which lack the 350 function of the abundant cytosolic H 2 O 2 -scavenging enzyme APX1 and are thus expected to 351 accumulate higher H 2 O 2 levels in all plant tissues. Peroxidases were shown to play an important 352 role in root development and growth control (Dunand et al., 2007) 
the transition-to-elongation zone (Tsukagoshi et al., 2010) The root hair-deficient phenotype of rbohC was observed when grown on pH 5-titrated growth 397 medium. Treatments with 10 µM DPI (Diphenyleneiodonium chloride, Sigma) dissolved in 398 Dimethyl Sulfoxide (DMSO), 1 mM Sodium Ascorbate (Sigma) dissolved in distilled water and 399 1 mM N-acetyl-cysteine (Acros organics) dissolved in distilled water were performed by 400 applying these chemicals in the agar medium. Ascorbate treatment for DHR staining was 401 performed by transferring seedlings onto 1 mm Whatman filter paper 0.25 X Murashige and 402 Skoog medium (MS) (Murashige and Skoog, 1962 ) and the indicated ascorbate concentrations. 403
Hydrotropic stimulation assays 404
A CaCl 2 dry chamber was designed based on a previously described system (Takahashi et al., 405 2002; Kobayashi et al., 2007; Shkolnik et al., 2016) with the following modifications: Plates 406 were prepared as described in 'Plant material and growth conditions' with or without 407 supplemented chemicals, as indicated. The medium was cut 6 cm from the bottom and 5-7 day-408 old seedlings were transferred to the cut medium, such that approximately 0.2 mm of the primary 409 root tip was bolting from the agar into air. Twelve ml of 40 % CaCl 2 (w/v) (Duchefa) were put at 410 the bottom of the plate, which was then closed, sealed with Parafilm and placed vertically under 411 30 µE m -2 sec -1 white light. As control, non-hydrostimulating conditions were achieved by 412 adding 20 ml of distilled water to the bottom of the plate. In this system, the roots were exposed 413 to the supplemented chemical at the beginning of the experiment. Hydrostimulation was 414 performed also using the previously described split-agar method (Takahashi et al., 2002; Antoniet al., 2016) . Ascorbate, DPI or DMSO (control) were added directly to the sorbitol containing 416 gel slice. Root tips were imaged at indicated time points using Nikon D7100 camera equipped 417 with AF-S DX Micro NIKKOR 85 mm f/3.5G ED VR lens (Nikon, Tokyo, Japan). For root 418 curvature measurements and supplemental movies of the humidity-gradient system, plates were 419 faced ~45 º to the lens, and multiple photos with changing focus were obtained using Helicon 420 remote software, and stacked using Helicon focus software (www.heliconsoft.com). Root 421 curvature and growth were analyzed using ImageJ software 1.48V (Wayne Rasband, NIH, USA). 422
Gravitropic stimulation assay 423
Five to seven-day-old seedlings were transferred to a standard medium, or ascorbate containing 424 medium, following one hour of acclimation at original growth orientation before the plates were 425 90º rotated. For DPI treatment, seedlings were pre-treated in DMSO or 10 µM DPI-containing 426 media for 2 h, then transferred to another plate containing standard medium, followed by 30 min 427 acclimation at the original growth orientation before the plates were rotated by 90º. 428
Confocal microscopy 429
For ROS detection, seedlings were immersed in 86. VENUS expressing roots was performed as previously described . 439
Determination of H 2 O 2 in tissue extracts 440
Whole seedlings (n = 20 seedlings) and root apices (1-2 mm from root tip, n = 60 seedlings) 441 were frozen in liquid nitrogen and homogenized in Phosphate Buffer Saline (PBS x 1, pH 7.4) 442 (600 µl for whole seedlings and 150 µl for root apices), centrifuged in 10,000 g for 5 min in 4° C 443 and the supernatant was used as the tissue extract. H 2 O 2 levels in the extracts were measured 444 using the Amplex red assay kit (Molecular Probes, Invitrogen) according to the manufacturer's 445 protocol, with 3 biological repeats and two technical replicates. Samples were measured with a 446
Protein levels in the extracts were determined using the Bradford reagent (Bio-Rad). The 448 absorbance was read in the same plate reader using a 595 nm filter. Fluorescence reads were then 449 normalized to the protein amount. 450
Statistical analysis 451
Results were analyzed using MS Excel ToolPak and R version 3.1.1. 452
453

Supplemental materials 454
Figure S1: Relative DHR fluorescence intensity in gravistimulated and hydrostimulated roots. 455 and dissipated after another 2 h. This asymmetry was detected at the DEZ where higher ROS 485 levels were observed at the concave side of the root. B) Under hydrostimulation, ROS distribute 486 asymmetrically at the CEZ however maintain symmetric distribution at the DEZ. C) The 487 asymmetric ROS pattern at the CEZ was also observed in roots that were exposed to non-488 hydrostimulating conditions and do not bend hydrotropically. The higher ROS level was 489 observed at the side that is in contact with the agar medium. D) Quantification of DHR 490 fluorescence, measured at the epidermal layer in two regions of the root EZ (in the DEZ of 491 gravistimulated roots and in the DEZ and CEZ of hydrostimulated roots). The data is presented 492 as the ratio between the signal at the concave and the convex sides of the root. Error bars 493 represent mean ± SE (3 biological independent experiments, 14<n<23). **p < 0.01, Student's t-494 test versus start time. E) Roots were hydrostimulated for the indicated times using the split-agar / 495 sorbitol system. F) Quantification of DHR fluorescence, measured at the DEZ epidermal layer 496 (200 µm above apex) and CEZ (600 µm above apex). The data is presented as the ratio between 497 the signal at the concave and the convex sides of the root. Error bars represent mean ± SE (3 498 biological independent experiments, n=20). No significant difference was found among different 499 hydrostimulation times potential gradient. B) Root curvature was measured at 1 h interval for 6 h following 520 hydrostimulation and at 2 h interval for 12 h following gravistimulation. Error bars represent 521 mean ± SE (3 biological independent experiments, 10 seedlings each). C) DPI inhibits root 522 growth in both physiological assays. Root growth rate was determined by measuring length at 523 the beginning and at the end of the experiment. Error bars represent mean ± SE (3 biological 524 independent experiments, 10 seedlings each). **p<0.01, t-test for independent measurements. 525 
